Three algae, Melosira granulata, Fragilaria capucina, and Anacystis cyanea, collected as part of a natural phytoplankton assemblage were found to differ in their cytological responses to low dose shot>term exposure to copper and lead. In general, all were more sensitive to copper than to lead. Fragilaria was more sensitive to both metals than the other species examined. Most immediate changes in relative volume categories can be ascribed to changes in vacuole volume that are most likely the result of changes in membrane permeability. There was some degree of accommodation in all three species at 24 hours. These results are discussed in view of the natural environment of the algae, as well as in relationship to previous studies.
Introduction
Many of the reported ultrastructural changes in cultured algal cells resulting fi'om heavy metal exposure are based on experiments lasting for several days or weeks, at concentrations that are uncommon in aquatic environments. In a previous study we found that the phosphate nutrient status of algal cells may mitigate the deleterious effects of heavy metals (SICKO-GOAD and S~rOERME~ 1979) . In experiments with cultures of the penna~e diatom, Diatorna tenue var. elongatum, we found that the primary effects of lead treatment, when coupled with phosphate uptake, were swelling and reduction in numbers of mitochondria, and incorporation of lead into polyphosphate bodies. The primary * Correspondence and Reprints: Great Lakes Research Division, The University of Michigan, Ann Arbor, M148109, U.S.A. effect of copper treatment was the reduction in numbers of polyphosphate bodies. There was no copper incorporation in the polyphosphate bodies. These nltrastructurai changes were found after 2 hours of exposure to the low concentration (~g range) heavy metal treatments.
In order to understand how heavy metals may affect algae in their natural environment, experiments were conducted in which natural phytoplankton assemblages were exposed to low doses of copper and lead over a 24-hour period. The assemblage chosen for study was collected from Saginaw Bay, one of the more eutrophic areas of the Laurentian Great Lakes. Detailed morphometric analyses characterizing responses of three selected algae, Melosira granulata, Fragilaria capucina and Anacystis cyanea are presented in this paper.
Materials and Methods
Nearshore surface whole water samples were collected from the northeast segment of Saginaw Bay of Lake Huron on 7 August 1977. Samples were kept in a cooler and immediately transported to the laboratory for processing. Upon return to the laboratory, a portio n of the whoiewater sample was withdrawn and fixed in 3~ gIutaraidehyde in 0.05 M sodium cacodylate buffer (pH 7.2) for 1 hour at 4 ~ The osmolality of the glutaraldehyde fixative was 387 mosmol. Samples for heavy metal incubations were transferred to 1-I sterile Corning tissue culture flasks and inoculated with solutions of lead or copper nitrate to give final concentrations of 10ppbPb and 5 ppb Cu. The flasks were then incubated under light and temperature conditions similar to those measured at the collection site for a 'total period of 24 hours. Aliquots from treatment flasks were 1~4). Other stereologic methods used have been described previously (SICKO-GOAD et al. 1977, SICKO-GOAD and STOERMER 1979) with the exception that for cells of Melosira which exceeded the photographic field of view at the standard magnification, a montage was photographed and used for counting. Volume density was determined using the grid point-counting technique (GLAGOLEFF t933, CHALKLEY 1943) . Surface density was calculated from the relationship
where S v = surface density, I = number of intersections with a test line system, and L t = known length of the test line system. Actual cell volume estimates were obtained from light microscopic examination of cells obtained from the same assemblages as those used for the quantitative analysis. Ten independent measurements for each species and treatment were made from epoxy mounts of the fixed and embedded material. Volume estimates assume a regular geometric shape. Parameter estimates are reported in the paper as the mean +_ standard error.
Results

General Descriptive Measures
The morphometric results presented in this paper describe both physical and physiological compartments of the cell. In describing the changes that occur during the low dose heavy metal exposure we have made the following operational categories and measured either relative volume (Vv), number per volume (N~), or surface to volume ratio (Sv).
(1) Wall/Frustule: V v. This is the area outside the plasma membrane. For Melosira granulata we have also measured the relative volume of the "space" or chambers in the siliceous frustule since they contribute significantly to the volume of the frustule. (7) (4) Nucleus:: Vv. (5) Other Cytoplasm: Vv. For the diatoms this category includes endoplasmic reticulum, Golgi, ribosomes, and cytoplasmic matrix. In the blue-green this area also includes the nucleoplasm since it is not easily subdivided into a distinct area. This category also does not include any distinct prokaryote inclusions described below. (6) Vacuole: Vv. This is the area bounded by the vacuolar membrane and does not include storage that may be present in this area. (14) Thylakoids (in the blue-green): S v. The quantity reported is the surface area/volume ratio of the outer surface of the photosynthetic lamellae per vm 3 cell. (15) For the diatoms, we have also calculated relative cytoplasmic volume percentages. Cytoplasm was taken to be a composite category (chloroplast, mitochondria, and other cytoplasm) and relative volumes were recalculated disregarding any changes occurring in the vacuole, nucleus, and wall. Consequently, in this case mitochondria V v is the relative volume of mitochondria in the cytoPlasm, not the entire cell.
Melosira granulata
Detailed quantitative results of the copper and lead treatments are presented in Tables 2 and 3 . Several trends are apparent. While there were no statistically significant morphometric changes of Melosira granula- ta to copper, there was a steady decrease in both mitochondrial and chloroplast V v with time. Mitochondrial Vv reduction at 3 and 24 hours is a result of a substantial decrease in number per cell and is not offset by mitochondrial swelling (aver. volume, Tab. 2) that occurs at 24 hours. There also appears to be a short-term increase (at 2 and 3 hours) in storage products with copper treatment (Figs. 3-4) . With lead treatment, Melosira mitochondria N v increased significantly. There was also variation in chloroplast Vv at 2 and 3 hours. Neither mitochondrial numbers nor their average volume change at 24 hours. Storage products appear to increase steadily, although the increase is not significant (~=.05, Dunnett's t-test, STEEL and TORRIE 1960) . Unlike copper treatments, there is a small increase in the category "autophagic"-like vacuoles, in lead treatments.
Fragilaria capucina
Detailed quantitative results of lead and copper treatments on F. capucina are presented in Tables 4 and 5 . With copper treatment (Table 4) there were statistically significant reductions in chloroplast and cytoplasm volumes as well as statistically significant increases in vacuole volume, at 2 and 3 hours exposure. Other cellular compartments did not change significantly. "Autophagic"-like vacuoles also increase in all copper samples. There were no significant differences in any cellular component volumes nor any readily observable trends toward increase or decrease with lead treatment (Table 5) of Melosira.
Anacystis cyanea
Detailed morphometric results for Anacystis cyanea, a cyanobacterium, are presented in Tables 6 and 7 .
Copper treatment (Table 6 ) results in statistically significant differences (c~ = .05) in the number of cyanophycin granules at 3 hours and poly-~-hydroxybutyric acid granules at 24 hours. ~-granules and membranous inclusions also increase, Thylakoid surface area to volume ratio decreases steadily with time. The most noticeable difference resulting from lead treatment (Table 7) is the constant decrease in thylakoid surface area, with a decrease that is significantly larger than copper treatments at 24 hours.
Discussion
Previous reports in the literature have demonstrated that heavy or trace metals are often found as deposits in various cellular organelles such as mitochondria (SILVERBER6 1976, STUVE and GALLE 1970) , chloroplasts (FuJITA et al. 1977) , nuclei (SKAAR et aI. 1973 , CHOIE and RICHTER 1972 , MOORE and GOYER 1974 , and cell walls. Evidence of movement from the wall or plasma membrane area to the vacuole or cytoplasm is often reported (MURRAY and KID~ 1975 , GEaRARD et al. 1974 , BROWN and SMITH 1976 , BEVERID~E and MURRAY 1980 . We found no evidence of such deposits in any organelles or cellular compartments in the three algae we examined in this study. However, photosynthetic membranes and mitochondria appeared to be most sensitive to metals, especially copper. While there appeared to be some chloroplast recovery in Fragilaria, mitochondrial numbers were still greatly reduced after 24 hours. In addition, there were changes in the vacuole relative volume in both diatoms that ranged from 6 to 64~. When chloroplast relative volumes were recalculated as a cytoplasmic percentage rather than a cellular percentage, there was an indication that the main effects observed in the diatoms were a result of membrane leakage, perhaps at the tonoplast, resulting in a greater water content and subsequent size increase of the vacuole. Since the cells we examined and measured showed no indication of active division or size change and since the frustule is rigid, additional water in the vacuole could result in apparent changes in the volume of the other organelles. Class B ions (nitrogen and sulfur binding, as defined by NIEBOER and RICHARDSON 1980) have been shown to produce stress at the molecular level which results in an increase in membrane permeability that in some cases leads to loss of intracellular contents (DAVIES 1978 , OVERNELL 1975 , SHIEH and BARBER 1973 , KAMP-NIELSEN 1971 . BAZZAZ and GOVINDJEE (1974) reported that lead induces conformational changes in chloroplast thylakoid membranes which result in an increase in absorbance at 540 nm. The absorbance change can indicate either chloroplast shrinkage or tighter thylakoid packing. The ultrastructural responses of Anacystis to heavy metal incubations are consistent with physiological responses reported in the literature. The decrease in surface area of thylakoid membranes observed with both lead and copper treatments can be correlated with the reduction in photosynthesis reported as a result of exposure to these metals (STEEMAN NIELSEN and WIUM-ANDERSON 1971 , GUPTA and ARORA 1978 , THOMAS et al. 1977 , BAZZAZ and GOVINDJEE 1974 . Copper treatment also resulted in significant differences in the number of cyanophycin granules and PHB granules. Table 2 , t Significant at ~ = .05 (see Table 4 ). Table 4 ). Table 4 ). Cyanophycin (structured) granules are copolymers of aspartic acid and arginine with the amino acids present in a l : 1 molar ratio and are believed to be cellular N reserves (SIMON 1971) . STEWART et al. (1978) believe that cellular inclusions such as cyanophycin granules, polyphosphate bodies, polyhedral bodies (carboxysomes), and lipid droplets may be of critical importance in sustaining blue-green algae in a variety of habitats. These cellular reserve materials are usually stored during unfavorable growth conditions such as nutrient depletion and may be responsible for sustained growth or survival when the depletion becomes critical in the environment.
The results presented in this study demonstrate that some naturally occurring algal species are sensitive to low dose, short-term exposure to heavy metals. In general, all species were more sensitive to copper than to lead. Of the three species examined, Melosira was least affected by either metal. The three algae examined were part of a phytoplankton assemblage collected from Saginaw Bay of Lake Huron, one of the more eutrophic areas of the Laurentian Great Lakes. All three species are widely distributed in eutrophic waters. However, Melosira granulata and Anacystis cyanea are found with greater frequency in more heavily impacted areas (STOERMER 1978) . These species had the least number of significant changes in organelle volumes during metal exposure. This may explain why these species survive in impacted areas and substantiate the hypothesis that certain algae predominate over others when pollutants are introduced into the sea (THOMAS and SEIBERT 1977) . Lead and copper concentrations utilized in this experiment were approximately equal to the maximum spring concentration of these metals in Saginaw Bay (IJC 1977) . Although the algae are periodically exposed to these metals in the same concentration range in their natural environment, they responded cytologically within hours to laboratory additions. There is some evidence in our data set, alluded to earlier, which suggests that all three species may be accommodating although to different degrees, to the additional metal exposure. Most statistically significant differences in the volume categories were observed after 2 or 3 hours of incubation. One of the most obvious trends in our data is the short-term reduction of chloroplast volume of F. capucina with copper treatment (Table 4 ). This reduction is also accompanied by an increase in vacuole volume with subsequent return to near time 0 values at 24 hours. SANDMANN and B6~ER (1980) reported physiological evidence of copper adaptation in Scenedesmus acutus within 24 hours of exposure to the metal. They found that copper toxicity was transient and that chlorophyll was broken down and membrane lipids were decomposed by peroxidation during the transient period. After 24 hours, lipid peroxidation decreased and normal growth resumed. They found no evidence of copper excretion and suggested that the cells produced copper binding proteins during the metal sensitive period. Our data also show two other interesting features. First, copper treatment of the algae in this study produced more short-term cellular effects than in our previous study (SICKO-GOAD and STOERMER 1979) where metals were introduced during phosphate uptake. This provides additional evidence that phosphate nutrient status is important during studies of metal toxicity. Second, the Fragilaria time 0 data presented in this paper are remarkably consistent with our 1977 data set (SIcKo-GoAD et al. 1977) for this organism (Table 8) . There was more variation in organelle volumes as a result of experimental treatments than resulted from sampling two completely different populations. The large variation in frustule volume in the present data can be explained by the unusually large number of grazing sections counted. This large variation was not found in the experimental treatments where the standard errors were considerably lower (cf. Tables 4 5) . This strengthens our belief that electron microscope morphometric techniques can be used to quantitatively assess the impact of perturbations on cytological characteristics of individual species as they occur in their natural environment. Such perturbation studies on phytoplankton assemblages previously have been limited to the assessment of changes in species composition and number.
